Introduction
============

After monumental remarks from Dr Richard Feynman at the APS (American Physical Society) meeting in 1956, advances in nanotechnology (NT) have catalyzed the growth and development of the semiconductor and electronics industry, where the average transistor density of a CPU inside our laptops has reached several billion.[@b1-ijn-10-3989] In spite of this, NT is rarely applied in the field of clinical medicine, even though medicine is a critical subject for human beings.

Today, cancer still remains a challenging and invincible disease. For example, the death rate due to tumors (or neoplasms) in the US has remained constant for the past 30 years, whereas the death rate due to heart diseases has significantly decreased, especially for individuals of age 65 years and over.[@b2-ijn-10-3989]

As previously addressed by several insightful reviews, the major limitation of current cancer therapeutics is the poor targeting efficiency to tumor sites.[@b3-ijn-10-3989]--[@b5-ijn-10-3989] For example, the target efficiency of most free and antibody-conjugated cancer drugs is still below a few percent.[@b3-ijn-10-3989],[@b6-ijn-10-3989] In other words, the majority of anticancer drugs spread not only to tumors, but also to normal tissues, organs, and even the brain. This is the primary reason for observed chemotherapy side effects.

Recently, alternative approaches have been introduced, such as stem cell therapy. Stem cells have innate homing abilities (migration through transendothelium) to cancer cells, and thus conjugation of nanodrugs can maximize the tumor target efficacy. Furthermore, stem cells are highly resistant to anticancer drugs compared with normal and cancer cells.[@b7-ijn-10-3989],[@b8-ijn-10-3989] However, excessive dosing with unrationalized drug design will eventually degrade the functions of stem cells and induce unexpected side effects (such as unexpected orphan diseases).

This review discusses three major issues to overcome current limitations (ie, low targeting percentage at tumor sites). The first is the physiochemical material-dependence of nanodrug biodistribution and clearance analysis. This will present a novel strategy for targeting specific organ and tumor sites, especially for improving the low rate of drug accumulation in tumors. Second, cell-conjugated nanodrug therapeutics are discussed for treating specific cancers with the aid of Trojan-mediating cells (ie, mesenchymal stem cells \[MSCs\] loaded with nanodrugs). This approach aims to increase both tumor searching and targeting abilities of nanodrug therapeutics. Finally, understanding optimal intracellular trafficking of conjugated anticancer drugs in cancer cells can further increase the efficacy of anticancer drugs. Endosome-assisted intracellular transport can bypass the tumor efflux and can thus deliver anticancer molecules into targeted organelles, such as mitochondria and nuclei, without experiencing drug efflux.

The increasing tumor-targeting efficiency of anticancer drugs can minimize the potential toxicity of anticancer drugs through optimized biodistribution and fast clearance and can, ultimately, significantly reduce the dose of anticancer drug.[@b9-ijn-10-3989]

In conclusion, this review highlights the most influential physiochemical material cues for controlling the biodistribution of nanocarriers to increase tumor target efficacy. The possibility of stem cell-based cancer NT and intracellular--molecular interactions of nanocarriers (including organelles targeting) is introduced. The discussion highlights the latest advances in cancer nanomedicine and provides novel strategies to increase the tumor target efficiency that could replace current classical clinical chemotherapy in the near future.

Role of physiochemical and biomolecular factors in regulating biodistribution
=============================================================================

Although the tumor-targeting efficacy of antibody-conjugated receptors is two to a few times better than conventional chemotherapy drugs, this is valid only for overexpressed tumor receptors at membrane.[@b6-ijn-10-3989],[@b10-ijn-10-3989]--[@b16-ijn-10-3989] Specifically, epidermal growth factor receptor (EGFR) is the most well-known cancer receptor, and EGFR--antibody interactions of cancer drugs were previously reported.[@b6-ijn-10-3989],[@b10-ijn-10-3989],[@b17-ijn-10-3989] However, a more revolutionary approach than current antibody receptor targeting is necessary to further increase targeting efficacy. For example, the utilization of selective organ accumulation with respect to shape and size dimensions of nanomaterials would be advantageous in targeting specific organs (ie, in the case of source of tumor tissues) ([Figure 1](#f1-ijn-10-3989){ref-type="fig"}). Unfortunately, there has been limited information hitherto on targeting of specific organs and tissues by controlling the chemistry, shape, and size of nanoparticles (NPs).[@b18-ijn-10-3989] The prospects and limitations of the physiochemical properties of NP and associated biodistribution will be discussed in this section ([Table 1](#t1-ijn-10-3989){ref-type="table"}).

Biodistribution and clearance of major nanoparticles
----------------------------------------------------

### Gold nanoparticles

Gold (Au) nanorods (65×11 nm) identified a clear shift of biodistribution.[@b19-ijn-10-3989] Biodistribution of polyethylene glycol (PEG)-coated Au nanorods after intravenous injection (IV) showed a clear shift in the biodistribution from blood to liver, with increasing accumulation from 30 minutes to 72 hours. Although the authors coated PEG onto the Au NPs to neutralize surface charge and to reduce the toxicity, a drastic shift in biodistribution stalled at the liver raised concerns about liver toxicity. Another study identified more accumulation of PEG-coated Au nanosphere in the liver and spleen (57%) than Au nanorods (15%) after 24 hours of IV injection.[@b20-ijn-10-3989]

A separate study further demonstrated a shift in biodistribution and clearance by changing size and chemistry. In this study, Au NP (5 nm, functionalized with NH~2~) exhibited rapid clearance to the kidney from the blood.[@b21-ijn-10-3989] However, higher accumulation in the liver and spleen by increasing size (ie, 22 nm with NH~2~) and altering surface chemistry (ie, 5 nm with COOH) was observed.[@b21-ijn-10-3989] Urinary excretion confirmed rapid clearance of 5 nm of Au NP (NH~2~), whereas larger size (ie, 22 nm with NH~2~) and alternative surface chemistries (5 nm with COOH) exhibited slower urinary excretion.[@b21-ijn-10-3989] A similar study also demonstrated that size and surface chemistry of Au NP strongly influence their biodistribution.[@b22-ijn-10-3989] Interestingly, the positively charged Au NP (2.8 nm, functionalized with NH~3~^+^) exhibited more accumulation in the spleen and other organs than the negatively charged Au NP (2.8 nm, functionalized with COOH^−^) with identical urinary excretion time.

### Carbon nanomaterials (graphene, dot, nanotube)

PEGylated reduced graphene oxide (RGO-PEG, sheet diameters of 65 nm) significantly accumulated in the liver and spleen.[@b23-ijn-10-3989] However, PEGylated nano-reduced GO (nRGO-PEG) with smaller sizes (eg, sheet diameters of 27 nm) reduced liver and spleen accumulation, but increased accumulation at the tumor sites (skin xenograft tumor model).[@b23-ijn-10-3989] Moreover, nRGO-PEG shows significantly prolonged blood circulation, which allows a greater chance of passive tumor targeting. Although both materials (ie, RGO-PEG, nRGO-PEG) accumulated in the liver, liver toxicology tests indicated normal ranges up to 90 days.[@b24-ijn-10-3989] Oral administration of both RGO-PEG (65 nm) and nRGO-PEG (27 nm) recorded the highest accumulation in stomach, but cleared after a day. In contrast, intraperitoneal injection (in the abdominal cavity) sustained liver and spleen accumulation even after 7 days.[@b24-ijn-10-3989] The accumulation of GO NPs by intraperitoneal administration showed longer liver and spleen accumulation (ie, 1--7 days) than IV or PO administration (ie, 4 hours to 1 day).[@b24-ijn-10-3989] The additional clinical advantage of the studied nRGO-PEG is their implementation in photothermal therapy using 808 nm-wavelength laser ablation (but requires a greater injection dose of 20 mg/kg).

Due to the ultrasmall dimensions (ie, 3 nm), most carbon dots were promptly cleared by the urinary system (ie, from the kidney to the bladder) after 24 hours, despite initial accumulation in the liver, spleen, heart, and lungs ([Table 1](#t1-ijn-10-3989){ref-type="table"}).[@b25-ijn-10-3989] Biodistribution of carbon dots by IV injection recorded a fast clearance rate, compared with other injection routes (eg, intramuscular and subcutaneous).

For single-walled carbon nanotubes (swCNTs), short-term (or transient) and long-term accumulation analysis revealed time-dependent variation of biodistribution. Long-term biodistribution of PEG-coated swCNTs showed selective accumulation in the liver and spleen after a day.[@b26-ijn-10-3989] Although the half-clearance time of swCNTs from the liver and spleen was approximately 20--30 days, molecular weight (MW) of PEG on the surface of the particles shortens the clearance time.[@b26-ijn-10-3989] In particular, higher PEG MW (eg, both 5k and 7k of PEG) showed significantly decreased half-clearance time (ie, approximately 1 day) in the liver and spleen, whereas 2k PEG showed high retention time (ie, 15 days). Instant observations of transient biodistribution analysis showed that the lungs were the first organ with notable accumulation (3 seconds after IV) and sustained for several minutes ([Figure 2A and B](#f2-ijn-10-3989){ref-type="fig"}).[@b27-ijn-10-3989] Liver accumulation was apparent after 17 seconds. Biodistribution of most organs reached steady state after 20 seconds. However, the spleen showed incremental real-time Raman intensity, which corresponds to accumulation, from 20 seconds to several minutes after IV. It was observed that there were significant transient fluctuations (during the initial 10 seconds) for nondominant organs, such as the brain, muscle, kidney, and lungs, which, however, stabilized after 20 seconds ([Figure 2A and B](#f2-ijn-10-3989){ref-type="fig"}). Thus, both long-term and short-term evaluation of nanomaterial biodistribution must be considered simultaneously.

### Liposome nanoparticle

Liposomal encapsulation of doxorubicin (minimum size of 90±5 nm) has the advantage of prolonging blood circulation.[@b28-ijn-10-3989],[@b29-ijn-10-3989] Owing to limited size, bioconjugation with antibodies or ligands is an available strategy for liposome NP to promote targeting efficiency to tumor sites. In this regard, accessing tumor target sites by antibody conjugations was suggested by other studies.[@b30-ijn-10-3989] To improve the tumor-specific targeting of liposome, doxorubicin (DOX)-encapsulated liposome (similar to DOXIL) conjugated with an RNA aptamer (cell-penetrating peptide: DOX-aptamosomes) was designed to target the prostate-specific membrane antigen, and the results demonstrated selective delivery to the tumor sites in vivo (ie, skin xenograft tumor model).[@b31-ijn-10-3989] The accumulation of DOX-aptamosomes was observed in tumor sites, whereas unmodified DOX liposomes were mostly distributed to the liver and kidney (after 24 hours of IV). In addition, cell-penetrating peptide, octaarginine (R8)-conjugated liposomal DOX showed greater accumulation in A549 non-small lung cancer cells than normal liposomal DOX.[@b32-ijn-10-3989] In another study, DOX-encapsulating liposomes conjugated with estrogen (ES)-conjugated liposome (ES-liposome) were selectively delivered to breast carcinoma cells in vivo.[@b33-ijn-10-3989] The concentration of ES-liposome was significantly higher at the tumor sites than free DOX (ie, skin xenograft tumor model), whereas the concentration of ES-liposome was significantly lower than free DOX in the liver and kidney (after IV). Thus, ES-anchored liposome has increased tumor-targeting efficacy by avoiding liver accumulation.

Although antibodies conjugation increases cancer intracellular uptake (eg, via endocytosis), the antibody conjugation cannot significantly influence in vivo biodistribution.[@b34-ijn-10-3989],[@b35-ijn-10-3989] For instance, the conjugation of the Herceptin antibody (anti-Her2) with liposomes did not result in any alteration in the biodistribution (ie, accumulation pattern) and was mainly filtered in the reticuloendothelial system (RES) organs (eg, spleen and lymph node), compared with nonconjugated liposomes at 24 hours after IV.[@b34-ijn-10-3989]

Avoiding liver and RES accumulation and increasing tumor targeting
------------------------------------------------------------------

NPs are most likely to interact with immune cells (neutrophil and macrophages) in the RES system (liver and spleen) through blood circulation, and finally get excreted by urinary clearance.[@b36-ijn-10-3989],[@b37-ijn-10-3989] To minimize the RES accumulation, prolonging the blood circulation is necessary. In contrast, extended circulation time of NPs in the blood system increases the chance of immune interactions by the RES system. As such, maximized drug delivery targeting to the tumor site or various organs (in case of tumor sources) through optimal blood circulation time is a critical point. In this section, various physiochemical factors (ie, chemistry, surface charge, and shape) of nanodrugs effectively influencing RES accumulation will be discussed. Specifically, smaller sized particles (*d*\<5 nm) quickly accumulate in the liver and spleen, but are promptly cleared via blood circulation thereafter.[@b21-ijn-10-3989] However, longer clearance times of liver and spleen accumulation have been observed with particle sizes larger than 10 nm. For a toxicological perspective, this accumulation in the liver and spleen is somewhat dangerous.[@b38-ijn-10-3989]--[@b41-ijn-10-3989] The benefit of achieving a two- to threefold increase in tumor-targeting efficacy using nanomaterials does not outweigh the cost of elevated drug accumulation in the liver and spleen. Consequently, it cannot justify the clinical replacement of current chemotherapeutics (with/without antibody-assisted therapeutics). Thus, alternative strategies are required for nanocarriers that dually promote tumor targeting and minimize nanocarrier deposition in the liver and the RES. In this section, distinctive strategies will be discussed for improved targeting of tumor tissues with less accumulation in the liver and spleen. Specifically, the role of chemistry, surface charge, and shape of nanocarriers will be discussed, along with the use of polymeric coatings, to either independently or simultaneously influence in vivo bioaccumulation.

### Role of molecular weight of coating polymers for biodistribution

PEG layers on the surface of NPs (spherical NPs of size less than 200 nm) can prolong the blood circulation time along with avoiding RES accumulation.[@b42-ijn-10-3989],[@b43-ijn-10-3989] In particular, MW (5k) of surface PEG chain efficiently reduced liver uptake by avoiding plasma protein adsorption.[@b44-ijn-10-3989],[@b45-ijn-10-3989] However, when the PEG chain's MW was increased beyond 5k, no considerable avoidance of RES accumulation was observed.[@b42-ijn-10-3989] A recent study demonstrated that the surface MW of PEG is strongly correlated with PEG chain. Specific weight of PEG chain (5k) led to an optimal dense "brush conformation" that allowed reduced plasma protein adsorption.[@b44-ijn-10-3989] As such, MW of PEG-coating polymer is a significant factor in facilitating in vivo biodistribution. For quantum dots (\~3.2 nm), altering PEG MW on quantum dots can induce different organ biodistribution.[@b46-ijn-10-3989] Specifically, intermediate MW (4k--8k) exhibited organ distribution at the kidneys and pancreas, while small MW (2k) resulted in rapid accumulation at the liver.

In addition, PEG grafting level (PEG:Au molar ratio) on Au nanorods also can control their biodistribution. In this study, surface grafting with PEG:Au molar ratio of 1.5 showed the most prolonged blood circulation, and thus demonstrated increased tumor-targeting ability with decreased liver and spleen accumulation.[@b47-ijn-10-3989]

### Surface charge and size contribution for biodistribution

When Au NPs were functionalized with positive amine groups (NH), most of the NPs accumulated in the kidney (5 nm radius) and cleared within 4 days. Liver and spleen showed relatively lower Au NP distribution at this dimension.[@b21-ijn-10-3989] However, when Au NPs were coated with the carboxyl (5 nm of COOH) group, they were mostly accumulated in the liver and spleen. Furthermore, COOH--Au NPs exhibited slow urinary excretion compared with NH-Au NPs (5 nm radius).[@b21-ijn-10-3989] Furthermore, the Au NPs (11 nm of COOH) accumulated in the spleen and heart with reduced clearance rate to the kidney after IV injection (1 hour).[@b21-ijn-10-3989] At larger sizes (ie, \>22 nm), NH-modified Au NPs showed increased lung accumulation compared with the liver and spleen. The urinary excretion was faster for 5 and 11 nm than for 22 nm of Au NPs ([Table 1](#t1-ijn-10-3989){ref-type="table"}).[@b21-ijn-10-3989]

### Shape and aspect ratio are critical factors for altering bioaccumulation

The filament-shaped polymeric NPs (60×5,000 nm) demonstrated significant long-term circulation in the blood and effective delivery of anticancer drug (ie, paclitaxel) to tumor sites compared with spherically shaped NPs (50 nm).[@b48-ijn-10-3989] More recent studies examined the biodistribution of various shapes (eg, discoidal, spherical, hemispherical, cylindrical shapes of silica-based NPs with identical volumes) and demonstrated a strong correlation between shape and biodistribution to specific organs (ie, the lung, liver, heart, and spleen, but not the brain and kidney).[@b49-ijn-10-3989] Cylindrical (1 μm in diameter) and spherical (1 μm in diameter) silica NPs significantly accumulate in the liver after IV injection. In the spleen, discoidal and hemispherical silica NPs (1.6 μm in diameter) showed the most increased accumulation. Specifically, micron-sized discoidal particles (1.6 μm in diameter) tend to accumulate more in the lungs and the heart than NPs of other shapes. As such, discoidal silica NPs selectively influenced specific organ biodistribution without RES accumulation, compared with other shapes of silica NPs ([Table 1](#t1-ijn-10-3989){ref-type="table"}).

In another in vitro study, rod-shaped NPs (ie, higher aspect ratio particles) dramatically enhanced cancer uptake efficiency compared with alternative shapes of (spherical and disk-shaped) polystyrene nano and microparticles, especially coated with an anticancer drug targeting breast cancer (trastuzumab: Herceptin).[@b50-ijn-10-3989] This study demonstrated that shape-dependent interactions of NPs and molecules can maximize the uptake level of cancer cells and, ultimately, inhibit cancer cell growth (in vitro).[@b50-ijn-10-3989] Rod-shaped geometries, which feature higher surface area to volume ratio than spheres, adsorbed a greater amount of Her2 receptors (ie, 24% more antibody than sphere).

However, NPs with diameters of less than 100 nm exhibited the opposite trend. Higher uptake NPs of Au spherical geometry than of Au rods was observed in HeLa cells. Intracellular uptake rates of Au nanosphere (size: 50 nm) were 40 times higher than that of Au nanorods (size: 14×50 nm/cell).[@b51-ijn-10-3989],[@b52-ijn-10-3989]

Different aspect ratios of plateloid particles (ie, of porous silicon) and corresponding tumor-targeting efficacy were also identified (in vivo).[@b53-ijn-10-3989] Plateloid dimensions of 1,000×400 nm (2.5 aspect ratio) exhibited more tumor-specific targeting than 600×200 nm (3.0 aspect ratio) plateloid; also, 600×200 nm plateloids accumulated more in the liver and the spleen. The biodistribution shift of plateloid particles from the liver and spleen moved to the lungs and tumor sites. As such, lung accumulation was concurrent with increased tumor accumulation for the examined aspect ratios (ie, 2.5\>3.0) in this study.[@b53-ijn-10-3989],[@b54-ijn-10-3989] Attaching RGD antibodies enhanced tumor site targeting than uncoated plateloid disk controls. Biochemical interaction was increased by two- to threefold by changing the particle aspect ratio. Tumor vasculature studies also indicated greater circulation in tumor vessels for specific aspect ratios of plateloid particles (1,000×400 nm). As such, choosing the appropriate size and shape of NPs can increase tumor cell uptake about 5--10 times in tumor sites (from just 1%--2% ID/g to 10% of ID/g). Taken together, surface chemistry is a major parameter in influencing biodistribution when the size of the NP is less than 10 nm. Physical shape (aspect ratio), however, is a more significant factor when the size of NP is over 100 nm.

Mesenchymal stem cell-assisted nanodrug delivery to tumor sites
===============================================================

Cell-mediated nanodrug delivery demonstrated the most active drug delivery to tumor sites than any other drug-delivery strategies.[@b55-ijn-10-3989]--[@b59-ijn-10-3989] This may be attributed to specific antibody receptor-based NP drug deliveries that possess limited functions for targeting tumors. In this regard, living cells such as red blood cells (or hematopoietic stem cells), lymphocytes (T cells), and MSCs were considered to be living vehicles for targeting cancer cells (ie, hijack and tumor tropic agents, respectively).[@b60-ijn-10-3989] Circulatory cells (ie, red blood, monocyte, and lymphocytes) were advantageous for actively delivering NPs to the vascularized tumor sites through blood circulation.[@b61-ijn-10-3989]--[@b63-ijn-10-3989] As an alternative approach, stem cells were introduced in view of their homing ability. Specifically, stem cells are capable of transendothelial migration (ie, rather than localize within blood vessels) and can actively migrate to cancer cells ([Figure 3](#f3-ijn-10-3989){ref-type="fig"}).[@b64-ijn-10-3989] An additional advantage of human MSCs (hMSCs) is that they support a wide range of classification determinant (CD) expression, which includes positive for CD 44, CD 73, CD 90, CD 105, and CD 106, and negative for CD 14, 34, and 45.[@b56-ijn-10-3989],[@b64-ijn-10-3989] This wide set of CD allows multiple functional strategies for tumor-killing procedures. In conclusion, MSCs are suitable for conjugation with NPs and deliver loaded anticancer molecules to tumor tissues ([Figure 3](#f3-ijn-10-3989){ref-type="fig"}), which can ultimately increase targeting efficiency and reduce undesirable side effects from untargeted chemotherapeutics ([Table 2](#t2-ijn-10-3989){ref-type="table"}).

Tumor-targeting ability and fate of mesenchymal stem cells
----------------------------------------------------------

The hMSCs are ideal cells for targeting deep-seated tumor tissue in view of their homing ability (as discussed in the "Mesenchymal stem cell-assisted nanodrug delivery to tumor sites" section). Targeted delivery of anticancer drugs and cytokines to inhibit cancer growth corresponds to an improved therapeutic index (ie, toxic dose/dose of drug).[@b57-ijn-10-3989] Specifically, when interferon β (IFN-β) was loaded with NP on hMSC, the combinational strategy increased the anticancer effectiveness. Importantly, hMSCs are highly resistant to anticancer drugs because hMSCs have an active efflux pump system, such as ABC transporter.[@b7-ijn-10-3989],[@b8-ijn-10-3989]

MSCs showed the ability to migrate to tumor sites such as glioma, melanoma, ovarian, breast, and colon cancers.[@b65-ijn-10-3989]--[@b67-ijn-10-3989] The reason for this well-known tropism may be the detection ability (via various antigen receptors) of hMSCs of secreted growth factors and chemokines by cancer cells.[@b65-ijn-10-3989] Further, EGFRs displaying (via the transfection of cDNA-encoding EGFR) on MSCs can enhance migratory response against glioma or melanoma in vivo.[@b68-ijn-10-3989] Comprehensively, hMSCs have multisensory tumor detection systems, such as embedded chemokine detectors (stromal cell-derived factor 1 \[SDF-1\], transforming growth factor \[TGF\]), CXC motif receptor (CXCR4), and various tumor surface receptors.[@b68-ijn-10-3989] For nontumor-bearing animals, hMSCs initially resided in the lungs and migrated to the liver and spleen. For wounded mice, hMSCs migrated to the injured sites and remained for 3--5 days.[@b66-ijn-10-3989] Long-term biodistribution (ie, fate) of hMSCs after 4 weeks (IV injection) showed that most of the hMSCs had resided in the lymph node and spleen.[@b69-ijn-10-3989]

Cancer inhibition or stimulation ability of stem cells
------------------------------------------------------

Stem cells are capable of inducing apoptosis and inhibiting proliferation and cell cycle arrest for cancer cells ([Figure 3](#f3-ijn-10-3989){ref-type="fig"}).[@b70-ijn-10-3989] In addition, they can stimulate immune cells such as natural killer cells, T-lymphocytes, and macrophages.[@b71-ijn-10-3989]--[@b74-ijn-10-3989] In the case of lung carcinoma and colon cancer, MSCs showed antitumorigenic effects.[@b75-ijn-10-3989]--[@b77-ijn-10-3989] The major mechanism of tumor growth inhibition was the inhibition of protein kinase Akt activation, which is well known for inhibiting both apoptosis and cell cycle arrest.[@b56-ijn-10-3989],[@b78-ijn-10-3989] In addition, IFN-β4 expressed by MSCs greatly inhibited MDA-MB-231 tumors.[@b59-ijn-10-3989]

In contrast, it has also been reported that the fate of stem cells may influence metastatic potency when MSCs are cocultured with breast cancer cell lines, such as MCF-7 and MDA-MB-231 cell lines.[@b79-ijn-10-3989] This study found that specific chemokines (CCL~5~) produced by MSC can promote metastatic ability.[@b69-ijn-10-3989] As such, a thorough investigation of the cancer growth and metastatic potential of MSCs must precede their consideration ahead of clinical application.

Conjugation and uptake of nanoparticles with stem cells
-------------------------------------------------------

Covalent conjugating silica NPs with MSC membrane proteins, such as CD 73 and CD 90, successfully load drugs on the membrane of hMSC.[@b80-ijn-10-3989] Uptake of some nonbioconjugated NPs (ie, without antibodies) through endocytic delivery by hMSCs was inevitable, but resulted in no significant adverse effect on hMSC proliferation and tropic ability toward human glioma cells (U-251).[@b80-ijn-10-3989] In addition, conjugating CD 90 antibodies to silica NPs at higher concentrations (ie, greater than 1 mg/ml of NPs) increased the conjugation of NPs on the surface of hMSCs. The loading rate of DOX on silica NPs was 18.2% and showed a pH-sensitive release of the attached drugs. After intratumoral injection, DOX-loaded silica NP-hMSC exhibits the greatest distribution (\~7 days) at the U-251 glioma tumor tissue (in vivo) compared with DOX-silica NP and nonconjugated hMSC. Attaching NP and NP-DOX did not alter the ability to migrate to tumor cells. However, antibody attachment slightly reduced migration distance (or distance) compared with hMSCs without antibody attachment. Thus, attachment of antibody for supporting multiple functions may influence the migration speed (homing speed) of hMSCs and, thus, should be examined in advance.

Nanoengineered MSCs also boast longer retention times of cytotoxic drugs. These nanoengineered MSCs can actively accumulate in tumor sites and slowly release the cytotoxic drugs. This study examined hMSC uptake of biocompatible polymer-based NP (PLGA) (rather than conjugated NP on the extracellular membrane), but did not observe any alteration in MSC viability, differentiation, or migration ability.[@b7-ijn-10-3989] Cytotoxic drug (eg, paclitaxel) showed poor intracellular accumulation in hMSCs because MSCs have active drug efflux transporters, such as P-glycoprotein. Selective accumulation of hMSCs (with polymeric NP uptake) in the lungs was observed, while free polymer NPs (without hMSCs) mainly accumulated in the liver and spleen ([Figure 3](#f3-ijn-10-3989){ref-type="fig"}).[@b7-ijn-10-3989] As such, hMSCs can inhibit the accumulation of NP in the liver and RES systems when uptaken.

In addition, another study suggested that iron-oxide magnetic NP (IO-MNP), uptaken by mMSCs (mouse MSC), can bypass the blood--brain barrier (BBB).[@b81-ijn-10-3989] In this study, the uptaking of IO-MNP induced chemokine receptor CXCR4 (SDF-1 chemokine receptor) expression on MSCs and resulted in improved cell homing to the U87MG glioblastoma brain tumor, which showed a high expression of the chemokine SDF-1 alpha ([Figure 3](#f3-ijn-10-3989){ref-type="fig"}). These IO-MNPs could be efficiently uptaken in mMSCs without changes in cell viability and differentiation. Interesting features of this study were the multiple abilities of mMSCs for glioblastoma searching and repairing nerve tissue (regeneration) toward traumatic brain injury (across BBB from IV) ([Figure 4A--C](#f4-ijn-10-3989){ref-type="fig"}).

Transportation of anticancer molecules to cancer organelles
===========================================================

It has been reported that intracellular uptake efficiency of 100 nm-sized NPs estimated a 10- to 250-fold increase over 1--10 μm-sized microparticles.[@b82-ijn-10-3989] In addition, efficient intracellular delivery of anticancer drugs closely correlates with elusive cancer resistive response. Specifically, uptake via endosome intracellular pathways can overcome cancer cell efflux.[@b83-ijn-10-3989] Thus, optimized intracellular drug delivery can reduce the dosing of anticancer drugs and thus minimize the side effects of chemotherapy. The previous sections have emphasized how tumor-targeting efficacy can be enhanced with controlled design of physiochemical material properties in drug-delivery systems. In addition, living hMSCs were introduced for enhancing targeting efficiency (ie, homing) to tumor cells. However, it is important to deliver drugs not only to the tumor tissues, but also into the desired organelles within cancer cells. Intracellular targeting represents the delivery of therapeutic agents to specific organelles.[@b84-ijn-10-3989] As previous studies and reviews have described NPs uptake in detail, this review will evaluate the effective parameters to optimize intracellular transport of nanocarriers ([Table 3](#t3-ijn-10-3989){ref-type="table"} and [Figure 5](#f5-ijn-10-3989){ref-type="fig"}).[@b85-ijn-10-3989]--[@b89-ijn-10-3989]

Intracellular trafficking of nanoparticles
==========================================

Intracellular localization is the key factor in determining optimal drug delivery into specific organelles (eg, nucleus, Golgi apparatus, endoplasmic reticulum \[ER\], or mitochondria).[@b89-ijn-10-3989] Extensive studies have been conducted to elucidate the type of uptake and corresponding intracellular pathways of drug delivery.[@b90-ijn-10-3989] However, clear identification of intracellular pathways following specific uptake remains unclear. For example, it was reported that clathrin-mediated endocytosis can bypass fusion with lysosomes (Lys) to avoid lysosomal degradation.[@b89-ijn-10-3989] In contrast, clathrin- and caveolin-dependent uptakes are highly associated with lysosomal fusion and membrane leakage.[@b91-ijn-10-3989] Furthermore, some NPs (eg, cross-linked micelles) can bypass early endosomes (EEs), but reach the Lys within 30 minutes.[@b92-ijn-10-3989] However, it was generally concluded that most of the early-stage endosome delivery merges with primary Lys and evolves into secondary Lys (which exhibit larger sizes).[@b90-ijn-10-3989],[@b93-ijn-10-3989] These opposing interpretations of nearly identical intracellular trafficking reveal that the endocytic pathway is a dynamic and transient phenomenon.

Endosomal escape
----------------

Endosomal escape is considered to be an early stage of membrane destabilized by pH variations.[@b94-ijn-10-3989] Because the lysosomal stage is considered to be a stage of degradation by highly active enzymes (ie, acidic hydrolase proteins), endosomal escape of weak drug molecules is desirable prior to degradation for drug release. The biogenesis and maturation of NP delivery organelles with respect to time in cytosols was recently identified.[@b95-ijn-10-3989],[@b96-ijn-10-3989] In this study, small molecules (such as siRNA \[siRNA, small interfering RNA\]) escaped from the endosome to the cytosol with extremely low efficacy (ie, 1%--2% of total siRNA) in HeLa cells and showed differential release amount at each endosomal stage (vs time), such as EEs (0% until 1.5 hours), late endosomes (LE) (80% until 5 hours), and Lys (very few % after 5 hours) ([Figure 6A--C](#f6-ijn-10-3989){ref-type="fig"}).[@b95-ijn-10-3989] In vivo analysis of intracellular trafficking also showed identical trends, but rapid changes in the fate of EE, LE, and Lys, compared with in vitro ([Figure 6B](#f6-ijn-10-3989){ref-type="fig"}).[@b95-ijn-10-3989] Initial time of cytosolic escape for NPs depended on cell type (about 30 minutes), but again showed nearly identical trends.[@b95-ijn-10-3989]

Furthermore, time-dependent transport of drug molecules from the cytosol to the nuclei (HeLa cells) was clearly identified using real-time observation ([Figure 7A--C](#f7-ijn-10-3989){ref-type="fig"}). Abrupt endosomal release of active molecules in the cytosol was followed by rapid nucleus internalization.[@b96-ijn-10-3989] The time frame between sudden burst from the endosome (ie, endosomal escape) and complete cell nucleus internalization was approximately 20 minutes. Increased number of endosome bursts within a given cell promoted cell nucleus internalization.

Weakness of PEG for drug delivery
---------------------------------

(PEG)ylation is the most common method for conveying nucleic acids and active molecules with controlled retention time in the blood.[@b26-ijn-10-3989] Although the high density of PEG layer on NPs can increase their blood concentration by avoiding plasma protein adsorption, the efficiency of intracellular drug targeting significantly diminished by PEG degradation.[@b97-ijn-10-3989] This PEG dilemma underscored the practical limitations of PEG use in drug-delivery systems. PEGylation strongly inhibited cell uptake and endosomal escape, which present critical disadvantages for drug-delivery applications.[@b97-ijn-10-3989] Specifically, it was interpreted that lysosomal environments featuring low pH and greater acidic enzymes can degrade the activity of embedded molecules (eg, siRNA, pDNA \[plasmid DNA\], ODN \[oligonucleotide\], and proteins) in coated (or encapsulated) PEG ([Figure 5](#f5-ijn-10-3989){ref-type="fig"}).[@b98-ijn-10-3989]--[@b108-ijn-10-3989] PEGylation may not be advantageous at the degradation stage (Ly), and, consequently, burst release at the EE stage is recommended.

Endolysosomal escape, advantageous targeting to nucleus
-------------------------------------------------------

Intracellular conditions in cancer cells are quite complicated, and thus more than one stimulus can precisely control the drug-release time.[@b109-ijn-10-3989] For example, burst release of drugs on nanocarriers at costimulatory environments, such as pH gradients and protease enzyme conditions, could maximize therapeutic efficacy, especially drug delivery to the cell nucleus. Thus, a wide range of stimuli can trigger the drug release to a specific intracellular target at a controlled time inside.[@b109-ijn-10-3989]

The endolysosomal escape of drugs from NPs is of great importance for the efficacy of drug-delivery system when the nanocarriers (including materials and active molecules) are susceptible to lysosomal degradation.[@b110-ijn-10-3989] The physiochemical factors that determine endosomal escape or lysosomal degradation have not yet been explicitly elucidated. However, previous research demonstrated that surface charge can influence the fate of endosomal escape or lysosomal degradation ([Figure 5](#f5-ijn-10-3989){ref-type="fig"}). Specifically, cationic and anionic NPs showed different routes of endocytosis. Although cationic NPs are highly internalized compared with anionic NPs, only anionic NPs experienced lysosomal degradation after clathrin-associated uptake.[@b111-ijn-10-3989] A recent study also demonstrated that the bond strength between NPs and anticancer drug is a significant factor in reaching the endolysosomal stage. This is because covalent amide bonds induced release of cancer drugs under conditions of high lysozyme density (Ly stage) and reduced pH in the vicinity of cancer nucleus.[@b112-ijn-10-3989],[@b113-ijn-10-3989] As such, choosing stable biomaterials, conjugation types (eg, covalent bonds), and chemically stable molecules is advantageous for increasing the delivery of anticancer drug into the nucleus through the endolysosomal escape, without experiencing degradation (eg, PEG with small molecules) at the lysosomal (or late endosomal) stages.[@b114-ijn-10-3989]

Targeting to mitochondria
-------------------------

The primary role of mitochondria is to produce adenosine triphosphate in the cell, through metabolic reactions and processes. Moreover, mitochondria are critically involved in deciding cell apoptosis. In cancer, the apoptosis pathway of mitochondria is suppressed by overexpression of antiapoptotic proteins, such as Bcl-2 family.[@b115-ijn-10-3989],[@b116-ijn-10-3989] Thus, the current strategy for mitochondria-targeting nanocarriers is to trigger apoptosis in cancer cells.[@b117-ijn-10-3989] To date, several NPs (eg, liposomes, Au nanorods) have been reported to selectively target mitochondria. Because of the greater negative membrane potential (−130 to 150 mV) of mitochondria, targeting mitochondria by attractive electrostatic surface charge (ie, positive surface charge) was possible ([Figure 5](#f5-ijn-10-3989){ref-type="fig"}).[@b117-ijn-10-3989],[@b118-ijn-10-3989] Specifically, lipophilic cations (+) with triphenylphosphonium effectively delivered a proapoptotic chemotherapeutic paclitaxel to the mitochondria in vitro and in vivo.[@b119-ijn-10-3989] In addition, mitochondria-porter (a liposome-based carrier system for delivery of macromolecules into mitochondria) was surface modified with a high density of octaarginine (R8), which can highly accumulate in the mitochondria via membrane fusion.[@b120-ijn-10-3989] Au nanorods that exhibit a positive surface charge with cetrimonium bromide (CTAB) cations would be an ideal vehicle for drug delivery to negatively charged mitochondria.[@b91-ijn-10-3989] In this study, the cetrimonium bromide-capped Au nanorods showed that significantly increased accumulation in the mitochondria of A459 lung cancer cells resulted in the killing of cancer cells without affecting the functioning of normal cells. In the same manner, conjugation of rhodamine-110, a lipophilic cation, to mwCNTs significantly promoted internalization in the mitochondria of MCF-7 breast tumor cells by charge attractions and thus efficiently delivered cisplatin (platinum \[IV\]).[@b121-ijn-10-3989] In summary, mitochondrial targeting by cationic NPs can enhance the therapeutic efficacy of anticancer molecules and, ultimately, initiate signal cascades by activating Bax and Bak (proteins in mitochondria that regulate apoptotic cell death).[@b122-ijn-10-3989]

Fate of endocytic nanoparticles
-------------------------------

Elucidating the intracellular mechanism through endocytosis and exocytosis of various NPs is essential for anticipating the fate of nanocarriers. It is well established that uptaken NPs experience intracellular pathways (eg, EE, LE, and Lys) before reaching cell organelles (eg, cytosol, nucleus, mitochondria).[@b88-ijn-10-3989],[@b123-ijn-10-3989] However, few transport mechanisms were demonstrated for conveying NP to Golgi or ER sites. In this regard, nanoconjugation (eg, antibody) can enhance localization to the Golgi and Ly through EE.[@b17-ijn-10-3989] Specifically, EGFRs induced greater endocytosis when conjugated with Au NP and highlighted the importance of conjugation for cellular transport.[@b17-ijn-10-3989] In addition, cholesterol and phospholipid liposome NPs were localized into the ER and Golgi apparatus after endosome/Ly stages, and were eventually effluxed by permeability glycoprotein and ABCG1 efflux pumps ([Figure 5](#f5-ijn-10-3989){ref-type="fig"}).[@b124-ijn-10-3989] A recent review also discussed intracellular transport pathways of nanosized particles (toxin) to Golgi or ER sites. In particular, several toxins (eg, ricin, shiga, and anthrax) were translocated into the Golgi or ER after endolysosomal trafficking (eg, EE, LE, and Lys), and then secreted outside by secretory pathway ([Figure 5](#f5-ijn-10-3989){ref-type="fig"}).[@b125-ijn-10-3989]--[@b127-ijn-10-3989]

The exocytosis mechanism of various NPs has not yet been fully understood, in contrast to endocytosis mechanisms.[@b88-ijn-10-3989],[@b128-ijn-10-3989],[@b129-ijn-10-3989] Recent reviews reported the exocytosis of internalized NPs with respect to various physiochemical factors such as size, shape, and surface chemistry. For example, smaller Au NPs (14 nm) showed a faster rate of exocytosis than larger Au NPs (both 50 and 74 nm).[@b130-ijn-10-3989] In addition to NP size, the shape is another physiochemical factor influencing exocytosis of NP. In particular, rod-shaped Au NPs (ie, 20×30 nm, 14×50 nm, and 7×42 nm \[diameter × length\]) experience accelerated rates of exocytosis (ie, approximately fourfold faster) than spherically shaped Au NPs (ie, 14, 50 nm).[@b51-ijn-10-3989] Furthermore, cationic Au NPs (serum-coated NPs with a size of 15 nm) exhibited long retention times in cells by intracellular agglomeration, whereas PEGylated Au NPs (10 nm in diameter with negative charge) were rapidly excreted by cancer cells.[@b131-ijn-10-3989]

Discussion and perspectives
===========================

Unfortunately, most nanodrugs that are approved by the US Food and Drug Administration or that are in clinical trials are currently confined to liposome-based drug encapsulation.[@b132-ijn-10-3989],[@b133-ijn-10-3989] Most inorganic nanodrugs are not considered safe drug-delivery materials owing to their accumulation in the liver and RES system, even though they have higher antitumor efficacy.[@b134-ijn-10-3989] As such, the biodegradation and clearance of inorganic nanodrugs are critical issues that must be addressed in order to achieve clinical approval.

In this line, increasing target efficacy without elevating accumulation in the RES and liver is a mandatory criterion in terms of immune toxicity.[@b135-ijn-10-3989] Specifically, future studies should evaluate the immune activity (ie, toxicity) by examining the accumulation of NPs (conjugated with drugs). In this regard, several reviews discussed the in vivo toxicity and anticipated immunological response of NPs.[@b135-ijn-10-3989]--[@b137-ijn-10-3989]

As discussed in the "Abstract" and "Introduction", current chemotherapies, including antibody-based approaches, are difficult for supporting a patient's quality of life due to the negative side effects of chemotherapy drugs.[@b138-ijn-10-3989] This is not an issue of drug efficacy, but rather the result of poor tumor-targeting efficacy. For this reason, this review introduced a broad set of strategies for overcoming current limitations to tumor target efficiency by highlighting current core technologies. Specifically, this review emphasized the application of nanoscale surface science, engineering, and the prospects of controlled interaction between active molecules and target cells.

One important element in reducing the side effects of drug therapeutics that was not fully discussed in this review is cancer drug efflux. Efflux pump proteins (eg, ABC transporters) are commonly overexpressed in tumor cells, which promote efflux of the cancer drug from the cytosol to outside the cell membrane.[@b139-ijn-10-3989]--[@b142-ijn-10-3989] Endosomal drug delivery can bypass this drug efflux activity, generate greater amounts of endosomes that encapsulate the nanodrugs, and, ultimately, maximize therapeutic efficacy by safely delivering uptaken drugs to the targeted organelles (ie, the nucleus or mitochondria). Previous reviews have discussed cellular uptake of nanosized vectors via dynamin-dependent or -independent pathways, where the uptaken agents mostly experienced endosomal and lysosomal degradation.[@b123-ijn-10-3989],[@b128-ijn-10-3989],[@b143-ijn-10-3989] As such, nanosized drug agents are one of the most efficient materials for evading drug efflux from cancer cells without cotreatments (eg, verapamil and cyclosporine A).

In addition, physiochemical characteristics of specific organelles can be utilized for intracellular targeting. Specifically, mitochondrial apoptosis-inducible strategies by modifying the surface charge (ie, positive charge) of various NPs (eg, Au, liposomal, and mwCNT) are promising examples of targeting specific organelles using physiochemical materials--intracellular interactions.[@b91-ijn-10-3989],[@b117-ijn-10-3989]--[@b121-ijn-10-3989]

Although the safety of stem cell-based therapeutics remains controversial, engineered stem cell therapies have shown promising potential for clinical application due to their ability to search and communicate with tumor cells.[@b55-ijn-10-3989],[@b56-ijn-10-3989],[@b66-ijn-10-3989] For example, autologous (ie, harvested and cultured from the patient) MSCs can be conjugated with specially designed nanomaterials for personalized drug therapy to effectively destroy tumor cells. As discussed, NPs cannot easily penetrate the BBB, and present a challenge for drug delivery to brain tumors (ie, gliomas). However, nanoengineered MSCs (ie, through uptaken IO-MNP, as discussed earlier) bypassed the BBB and delivered anticancer molecules to the brain tumor site.

Furthermore, the time-dependent release of active molecules from endosome and Lys was recently analyzed.[@b111-ijn-10-3989],[@b114-ijn-10-3989] Design of the encapsulation strategy and choosing appropriate conjugation bonds with reference to the types of nanomaterial and anticancer agent are both critical factors for controlling drug release (ie, burst release at the vicinity of targeted organelles versus nonspecific release in the cytosol). The associated intracellular effects of physiochemical properties of nanomaterials are summarized in [Table 3](#t3-ijn-10-3989){ref-type="table"}.

In conclusion, this review featured a diverse set of strategies currently being explored for minimizing anticancer drug dosing (of both small and macromolecules) by maximizing target efficacy. The combinatorial therapies introduced in this review provided multiple cues on the physiochemical, mesenchymal, and intracellular trafficking interactions with nanocarriers to maximize tumor-targeting efficiency, and supported guidelines in the future design of cancer therapeutics with controlled physiochemical-engineered cellular therapies.
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![The effective physiochemical factors of NPs influencing biodistribution.\
**Notes:** Different physicochemical properties of NPs, such as size, materials, biochemistry (eg, surface functionalization, PEGylation, and ligand conjugation), and shape, may influence biodistribution of NPs.\
**Abbreviations:** RES, reticuloendothelial system; NPs, nanoparticles.](ijn-10-3989Fig1){#f1-ijn-10-3989}

![Transient and short-term biodistribution of swCNT.\
**Notes:** (**A**) Dynamic contrast-enhanced imaging with swCNTs for the first 130 seconds after injection. Biodistribution was observed primarily in the lungs, liver, kidney, and spleen. The pancreas in the interstitial space between the kidney and the spleen was not observable in the raw time-course images. (**B**) Normalized time courses over the organs. The lungs, kidney, and liver show large spikes shortly after injection (approximately 5 seconds) and return to a steady-state intensity after 20 seconds. The spleen showed no fluctuations and a monotonic increase over time. Reprinted with permission from Welsher K, Sherlock SP, Dai H. Deep-tissue anatomical imaging of mice using carbon nanotube fluorophores in the second near-infrared window. *Proc Natl Acad Sci U S A*. 2011;108(22):8943--8948. Copyright © 2011 Proceedings of the National Academy of Sciences of the United States of America.[@b27-ijn-10-3989]\
**Abbreviations:** au, absorbance units; ROI, regions of interest; swCNTs, single-walled carbon nanotubes.](ijn-10-3989Fig2){#f2-ijn-10-3989}

![Multiple capabilities of engineered MSCs with anticancer NPs.\
**Notes:** NP-conjugated MSCs have multiple functions for targeting cancer cells. In addition to innate homing and cancer cell cycle arrest, overexpressed chemokine detectors by NPs can amplify the targeting ability of MSCs. The advantage of conjugating (or uptaking) NPs with MSCs is that they can bypass the accumulation in the liver and RES, whereas unconjugated NPs are easily accumulated in the liver and RES. Furthermore, NP-MSC can penetrate the BBB and deliver the drugs to the glioblastoma, while anticancer NPs do not cross the BBB.\
**Abbreviations:** BBB, blood--brain barrier; CD, cluster of differentiation; CXCR4, CXC chemokine receptor type 4; DOX, doxorubicin; EGFR, epidermal growth factor receptor; MSC, mesenchymal stem cell; NP, nanoparticle; RES, reticuloendothelial system.](ijn-10-3989Fig3){#f3-ijn-10-3989}

![Improving the homing ability of engineered MSCs by uptaking IO-MNPs.\
**Notes:** (**A**) IO-MNPs NP selectively increased the expression of chemokine receptor CXCR4 in mMSCs. (**B**) MR images of targeted delivery of NC-labeled MSCs to orthotopic U87MG tumor (arrow). (**C**) The recovery of brain injury site (TBI model, dashed line box) after IV injection with unlabeled and NP-labeled MSCs. NP-labeled MSCs improved the homing ability toward the injury sites in the brain. Reprinted with permission from Huang X, Zhang F, Wang Y, et al. Design considerations of iron-based nanoclusters for noninvasive tracking of mesenchymal stem cell homing. *ACS Nano*. 2014;8(5):4403--4414. Copyright © 2014 American Chemical Society.[@b81-ijn-10-3989]\
**Abbreviations:** CXCR4, CXC chemokine receptor type 4; IO-MNP, iron-oxide magnetic nanoparticle; MR, magnetic resonance; MSC, mesenchymal stem cell; mMSC, mouse MSC; NC, nano cluster; NP, nanoparticle; TBI, traumatic brain injury.](ijn-10-3989Fig4){#f4-ijn-10-3989}

![Intracellular targeting to organelles using physiochemical parameters of anticancer nanodrugs.\
**Notes:** Incorporating multiple intracellular stimulus and tailored physiochemical materials properties of NP can release the drug to the intracellular organelles, such as cytosol, nucleus, mitochondria, Golgi, and ER.\
**Abbreviations:** Ab, antibody; Au-NR, gold nanorods; CNT, carbon nanotube; CTAB, cetyl trimethylammonium bromide; DOX, doxorubicin; EE, early endosome; ER, endoplasmic reticulum; LE, late endosome; Ly, lysosome; MITO, mitochondria; pDNA, plasmid DNA; PLG-NP, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide) nanoparticle; PEG, polyethylene glycol; Rho-110, rhodamine 110; siRNA, small interfering RNA; TPP, triphenylphosphonium; NP, nanoparticle.](ijn-10-3989Fig5){#f5-ijn-10-3989}

![In vitro and in vivo time-dependent intracellular trafficking analysis of siRNA-Au NPs.\
**Notes:** (**A**) In vitro time profile of siRNA-gold progression within EE (blue curve), LE (red curve), and Lys (green curve). Increased accumulation in EE corresponded to increases in LE. Ly increase corresponded to LE decrease. LE comprised a majority of vesicles as EE quantity decreased. (**B**) In vivo time profile of siRNA-gold in hepatocytes, which showed nearly identical trends with in vitro results. EE showed fast decrease compared with in vitro results. (**C**) Percentage of molecule escape to cytosol recorded 1.5% of total enclosed molecules. In addition, most of the cytosolic escape happens at the stage of LE after 1.5 hours for HeLa cells (after 2 hours for hepatocytes). No significant drug release was observed at EE and Lys. Copyright © 2013. Nature Publishing Group. Reproduced from Gilleron J, Querbes W, Zeigerer A, et al. Image-based analysis of lipid nanoparticle-mediated siRNA delivery, intracellular trafficking and endosomal escape. *Nat Biotechnol*. 2013;31(7):638--646.[@b95-ijn-10-3989]\
**Abbreviations:** EE, early endosome; LE, late endosome; LNP, liposomal nanoparticle; Lys, lysosome; siRNA, small interfering RNA; NP, nanoparticle; h, hour.](ijn-10-3989Fig6){#f6-ijn-10-3989}

![PEI-mediated cytosolic delivery of oligonucleotides occurs by endosomal bursting.\
**Notes:** (**A**) Selected frames show burst-released drugs into the cytoplasm, followed by accumulation in the nucleus. Arrow shows site of endosome and abrupt release into the cytoplasm and localization to the nucleus within 1 minute. (**B**) Two frames are selected from live cell imaging, in which a polyplex-containing endosome with burst observed at the adjacent nucleus, and fast accumulation thereafter into the nucleus. (**C**) The arrow indicates the release time of endosomal escape and accumulation into the nucleus, which was completed within 15 seconds. Reprinted with permission from ur Rehman Z, Hoekstra D, Zuhorn IS. Mechanism of polyplex- and lipoplex-mediated delivery of nucleic acids: real-time visualization of transient membrane destabilization without endosomal lysis. *ACS Nano*. 2013;7(5):3767--3777. Copyright © 2013 American Chemical Society.[@b96-ijn-10-3989]\
**Abbreviations:** PEI, polyethyleneimine; au, absorbance units](ijn-10-3989Fig7){#f7-ijn-10-3989}

###### 

Independent physiochemical parameters and conjugated antibodies influencing biodistribution in the liver and RES

                       Physiochemical parameters      Nanocarrier                     Drug         Injection   Liver                                              RES                    Biodistribution                          Retention time        Reference
  -------------------- ------------------------------ ------------------------------- ------------ ----------- -------------------------------------------------- ---------------------- ---------------------------------------- --------------------- --------------------
  Size and chemistry   2.8 nm size (NH~3~^+^)         Au NP                           --           IV                                                                                    Liver (major) spleen, heart, and other   Short-term (\~24 h)   [@b22-ijn-10-3989]
                       2.8 nm size (COO^−^)           Au NP                           --           IV          Liver (major), lung, and spleen                    Short-term (\~24 h)    [@b22-ijn-10-3989]                                             
                       5 nm size (NH~2~)              Au NP (PAMAM-coated)            --           IV          Rapid clearance to kidney from blood               Short-term             [@b21-ijn-10-3989]                                             
                       5 nm size (COOH)               Au NP (PAMAM-coated)            --           IV          Liver and spleen                                   Long-term (\~4 days)   [@b21-ijn-10-3989]                                             
                       22 nm size (NH~2~)             Au NP (PAMAM-coated)            --           IV          Lung, spleen, and liver                            Long-term (\~4 days)   [@b21-ijn-10-3989]                                             
  Size                 3 nm                           C-dot                           --           IV          Kidney, liver, and tumor site (SCC7 tumor model)   Short-term (\~24 h)    [@b25-ijn-10-3989]                                             
                       27 nm                          nRGO (PEGylated)                --           IV          Tumor site (xenograft tumor model)                 Long-term (\~2 days)   [@b23-ijn-10-3989]                                             
                       65 nm                          RGO (PEGylated)                 --           IV          Liver and spleen                                   Long-term (\~2 days)   [@b23-ijn-10-3989]                                             
  Shape                Spherical (5 nm)               Au NP (PEGylated)               --           IV          Liver and spleen                                   Short-term             [@b20-ijn-10-3989]                                             
                       Rods (65×11 nm)                Au NP (PEGylated)               --           IV          Liver and spleen                                   Short-term             [@b19-ijn-10-3989]                                             
                       Filamentous 4) (60 nm ×5 μm)   Polymeric NP (OCL3 copolymer)   Paclitaxel   IV          Tumor site (xenograft tumor model)                 Long-term              [@b48-ijn-10-3989]                                             
                       Spherical (1 μm)               Silica NP                       --           IV          Liver                                              Short-term             [@b49-ijn-10-3989]                                             
                       Discoidal (1.6×0.3μm)          Silica NP                       --           IV          Lung and heart                                     Short-term             [@b49-ijn-10-3989]                                             
                       Cylindrical (1×1 μm)           Silica NP                       --           IV          Liver                                              Short-term             [@b49-ijn-10-3989]                                             
  Aspect ratio         600×200 nm (3.0)               Silicon plateloid               --           IV          Liver and spleen                                   Short-term             [@b53-ijn-10-3989]                                             
                       1,000×400 nm (2.5)             Silicon plateloid               --           IV          Lung and tumor site                                Short-term             [@b53-ijn-10-3989]                                             
  Ligand               Antibody (herceptin)           Liposome (PEG-DSPE)             --           IV          Not change their biodistribution                   --                     [@b34-ijn-10-3989]                                             
                       PSMA RNA aptamers              Liposome (DSPE-PEG)             DOX          IV          Tumor site (LNCaP tumor xenograft)                 Short-term (\~24 h)    [@b31-ijn-10-3989]                                             
                       Peptide (octaarginine)         Liposome (R8-PEG-DOPE)          DOX          IV          Tumor site (A549 tumor xenograft)                  Long-term              [@b32-ijn-10-3989]                                             
                       Hormone (estrogen)             Liposome (DSPE-PEG)             DOX          IV          Tumor site (xenograft tumor model)                 Short-term (\~24 h)    [@b33-ijn-10-3989]                                             
  PEGylation           PEG MW 5k and 7k               swCNT (PEGylated)               --           IV                                                                                    Long retention in blood                  Short-term            [@b26-ijn-10-3989]
                       PEG MW \~5,000                 Hydrogel NP (PRINT)             --           IV          Long retention in blood                            Short-term             [@b44-ijn-10-3989]                                             
                       PEG MW \~5,000                 Au NP (PEGylated)               --           IV          Tumor site (xenograft tumor model)                 Short-term             [@b45-ijn-10-3989]                                             
                       PEG Mw 4k and 8k               QD NP (PEGylated)               --           IV          Kidney and pancreas                                Short-term (\~24 h)    [@b46-ijn-10-3989]                                             
                       Molar ratio (PEG/Au) \>1.5     Au nanorods (PEGylated)         --           IV          Tumor site (xenograft tumor model)                 Long-term              [@b47-ijn-10-3989]                                             

**Notes:** Red arrows = high accumulation; blue arrows = low accumulation.

**Abbreviations:** Au NP, gold nanoparticle; C-dot, carbon dot; DOPE, dioleoyl phosphatidylethanolamine; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; DOX, doxorubicin; IV, intravein injection; MW, molecular weight; nRGO, nano-reduced graphene oxide; PAMAM, poly(amidoamine); PEG, polyethylene glycol; PRINT, particle replication in nonwetting templates; PSMA, prostate-specific membrane antigen; QD, quantum dot; R8, octaarginine; RES, reticuloendothelial system; RGO, reduced graphene oxide; swCNT, single-walled carbon nanotubes.

###### 

MSC-assisted delivery of anticancer drue to tumor sites

             Loading type          NP          Size (nm)     Drug          Conjugation type                    Injection route      MSC type          Tumor suppression    Biodistribution     Reference
  ---------- --------------------- ----------- ------------- ------------- ----------------------------------- -------------------- ----------------- -------------------- ------------------- --------------------
  MSC        Conjugation           Silica NP   110           DOX           CD90 antibody mediated (covalent)   Intra-tumoral        hMSC              U251 glioma tumor    In vivo             [@b80-ijn-10-3989]
  Uptaking   Polymeric NP (PLGA)   260         Paclitaxel    Endocytosis   IV                                  hMSC                 A549 lung tumor   In vivo              [@b7-ijn-10-3989]   
  IO-MNP     ND                    **^---^**   Endocytosis   IV            Mouse MSC                           U87MG glioblastoma   In vivo           [@b81-ijn-10-3989]                       

**Abbreviations:** CD, cluster of differentiation; DOX, doxorubicin; hMSC, human MSC; IO-MNP, iron-oxide magnetic nanoparticle; IV, intravein injection; MSC, mesenchymal stem cell; ND, not determined; NP, nanoparticle; PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide).

###### 

Intracellular targeting to organelles using physiochemical parameters of anticancer nanodrugs

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                            Target organelle   NP            Size (nm)               Surface modification          Surface charge   Delivering molecules   Major endocytic pathway                              Escape   Reference
  ------------------------- ------------------ ------------- ----------------------- ----------------------------- ---------------- ---------------------- ---------------------------------------------------- -------- ---------------------
  Intracellular targeting   Cytosol            LNP           60 nm                   PEGylated                     −                siRNA                  Clathrin                                             EE       [@b95-ijn-10-3989]

                                                             109.7±36.6 nm           PEI or PAM                    −                ODN                    Caveolae                                             EE       [@b96-ijn-10-3989]

                                               Lipoplexes    90.9±13.0 nm            PEI or PAM                    −                pDNA                   Caveolae                                             EE       [@b96-ijn-10-3989]

                                                             88.6+1.1 nm             Cation-anion bilipid layer    \+               ODN                    Caveolae                                             EE       [@b96-ijn-10-3989]

                                               Polypi exes   487.2±46.9 nm           Cation-anion bilipid layer    \+               pDNA                   Caveolae                                             EE       [@b96-ijn-10-3989]

                            Nucleus            PLA-NP        90 nm                   Anionic, PEGylated            −                --                     Clathrin                                             LE/Lys   [@b111-ijn-10-3989]

                                               mwCNT         30--50 nm               Amide covalent bonds          −                DOX                    ND                                                   LE/Lys   [@b114-ijn-10-3989]

                            Mitochondria       Liposome      160 nm                  TPP cation, PEGylated         \+               PTX                    ND                                                   --       [@b119-ijn-10-3989]

                                               MITO-porter   200--300 nm             Octaarginine (R8)             \+               GFP                    Macropinocytosis                                     EE       [@b120-ijn-10-3989]

                                               Au nanorods   55.6±7.8 nm (length)\   CTAB cation                   \+               --                     Clathrin, caveolin-dependent, caveolin-independent   LE/Lys   [@b91-ijn-10-3989]
                                                             13.3±1.8 nm (width)                                                                                                                                         

                                               mwCNT         30--60 nm (diameter)\   Rhodamine-110                 \+               Platinum(IV)           ND                                                   LE/Lys   [@b121-ijn-10-3989]
                                                             2--10 μm (length)                                                                                                                                           

                            Golgi and ER       Au NP         5 nm                    Antibody conjugation (C225)   ND               --                     Clathrin and caveolin                                --       [@b17-ijn-10-3989]

                                               Liposome      110 nm                  DOPC                          −                siRNA                  Clathrin                                             LE/Lys   [@b124-ijn-10-3989]

                                                             110 nm                  Cholesterol                   −                siRNA                  Clathrin                                             LE/Lys   [@b124-ijn-10-3989]
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** Au NP, gold nanoparticle; C225, cetuximab antibody; CTAB, cetyltrimethylammonium bromide; DOX, doxorubicin; EE, early endosome; ER, endoplasmic reticulum; DOPC, 1,2-Dioleoyl-*sn*-glycero-3-phosphocholine; GFP, green fluorescent protein; LE, late endosome; LNP, lipid nanoparticle; Lys, lysosomes; MITO, mitochondria; mwCNT, multi-walled carbon nanotube; ND, not determined; ODN, oligonucleotide; PAM, polyamidoamine dendrimers; pDNA, plasmid DNA; PEG, polyethylene glycol; PEI, polyethylenimine; PLA-NP, polylactic acid nanoparticle; PTX, paclitaxel; siRNA, small interfering RNA; TPP, triphenylphosphonium.
